ABSTRACT A liquid-solid particle jet impingement flow apparatus is described and experimental measurements are reported for the accelerated erosion of copper, aluminum and mild steel sheet metal by coal suspensions in kerosene and alumina and silicon carbide suspensions in water. Slurry velocities of up to 130 ft/sec (40 m/sec) and impingement angles ranging from 15 degrees to 90 degrees were investigated. The maximum particle concentration used was 40% by weight. For high velocity the results of this study show two erosion maxima arising at impingement angles of 90 degrees and 40 degrees respectively~ whereas in corresponding gas-solid particle investigations maximum erosion occurs at approximately 20 degrees. In the study both particle concentration and composition were varied. A polynomial regression technique was used to calculate empirical and semi-theoretical correlation constants. 
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The rate of erosion cannot be determined easily due to the numerous and interrelated variables involved. The measurement of erosion rate can be made by several means, i.e., micrometers, profilometer, weight loss, ultrasonic thickness gages. All but the last method were used in this investigation.
Accelerated erosive wear provides a means of obtaining erosion data over short periods of time. Two devices have been used at this laboratory in earlier experiments, namely the slurry loop and the slurry pot [1].
Both devices have advantages and disadvantages. The slurry loop simulates an actual flow system in service and includes valves, pumps, piping, joints, elbows and contractions. While it accurately represents the effects of a slurry flow on component geometry it requires relatively long test times to obtain measureable data. Further difficulties arise in relation to measuring material losses periodically during a test and from the comminution of particles rounding off sharp edges which can lead to variations in fluid mechanic behavior during the course of an experiment.
The slurry pot does not measure wear on flow components, but it provides a measure of wear of cylindrical metal samples in a relatively short time. It presents the distinct advantage of allowing quick and easy changes in experimental conditions. Another important feature of the slurry pot is that it can be appropriately modified to operate at the higher temperatures characteristic of coal liquefaction processes. The primary shortcomings of this tester are the unknown fluid mechanic characteristics of the flow and the uncontrolled occurrence of particle comminution.
The Jet Impingement Tester (JIT) was developed to account for some of the limitations of the slurry loop and slurry pot. Because it utilizes the particles in the slurry once only it can be used to study the effect of impingement on a flat metal surface without being complicated by the factor of comminution (particle breakdown). The JIT can be used conveniently to study the effect of impingement angle on erosion, a factor of considerable importance. In the present study, SiC and Al 2 o 3 particles_were used in addition to coal to eliminate the uncertainty associated with the complicated composition and structure of coal when determining the effects of slurry variables on the erosion of metals. Water was used as the carrier fluid in addition to kerosene in order to simplify the problem of waste disposal of the slurries and t0 provide a liquid with a viseosity different f,rom that of kero.sene. 
Description of Experimental System
The experimental system is shown in Fig. 1-a 
Procedure
Briefly, the operating procedure for an experimental run was as follows.
The appropriate amount of sieved particul material was weighed out to make solutions of 10%, 20%, 30% and 40% by weight respectively. The holding tank was filled with the required amount of liquid, the mixer was turned on and the particles added to the liquid. Approxi:mately 15 gal. of slurry were used for each test. A polished metal specimen was firmly placed in a sample holder at the proper orientation angle. The test was initiated by turning an on-off valve above the nozzle, with stop-watch timing to determine the amount of slurry used, based upon careful pre-calibration of the system. Pressure in the nitrogen bottles was regulated to obtain the desired slurry velocity. The valve was turned off after the required amount of slurry impacted the specimen.
-8-
RESULTS AND DISCUSSION
Three different flat metal samples, OFHC copper, 6061-T6 aluminum alloy and 1018 mild steel were investigated. Table 1 Table 2 ). The square power dependence on velocity confirms the important role played by the kinetic energy of the impacting particles in the erosion process. Further consideration of the data in Figure 3 shows that pure SiC particle suspensions eroded more metal sample material per unit weight than did the pure Al 2 o 3 suspensions. In addftion, although there is scatter in the data it appears clear that of the two mixtures, that with 75% SiC was the more erosive of the two. In fact, differences between the 100% and 75% SiC curves are within the uncertainty of the measurements and, it must be concluded, are not significant. The large difference arising between the 100% and 75% A1 2 o 3 curves is due mainly to the difference in concentration between·these two runs. The ripples that form at shallow impingement angles in the gas-solid particle erosion of ductile metals are seen to occur at steep as well as at shallow angles in the liquid-solid particle erosion. The hills and valleys (moguls) that occur at steep angles in gas-solid particle erosion were not observed.
This result, and the shape of the curves in Fig. 7 -9 suggest that a different erosion mechanism may be taking place in the present liquid-solid particle erosion investigation and in liquid-solid particle erosion systems in general. aluminum alloy in a 20 wt% coal-kerosene slurry. It can be seen that the erosion increases with angle, peaking at 90°. For comparison, the dotted curve is a typical plot of aluminum eroded by a gas-solid particle flow taken from [4] . Although erosive wear values for the two curves differ by three order of magnitude, the difference in the shape of the two curves suggests yet again that the erosion mechanisms for the two media may be significantly different. The shape of the coal-kerosene curve is very similar to that which occurs for brittle materials in gas-solid particle erosion. The reasons for these differences must be determined in future work. 
CORRELATION OF THE RESULTS
The complex dependence of erosion on jet impingement angle precludes finding a simple mathematical function describing tne.relative influence of this parameter. Because of this the correlations presented below were derived for 90 degree impingement angle data only, for which maximum erosion occurs.
The form of the empirical correlation used was:
The derivation of equation (1) shown how, for conditions similar to those of the present study~ it reduces to:
The term on the left hand side of equation (2) has the same physical meaning and can be shown to correspond exactly to the dimensionless erosive wear parameter shown on the figures. A semi-theoretical correlation suggested by Humphrey (2] and given by equation (3) below was also used in the correlation study. Table 3 lists those constants providing the best regression curves for the experimental data which. are consistent with physical reality over the experimental ranges for which they were derived. It will be noticed that the parameter Sp/Ss is excluded in the final correlations. In fact, fits
with this term included yielded slightly less accurate and/or physically unrealistic functional forms for erosion than did nts without the term.
The reason for this is attributed to the relatively small difference in hardness between Al 2 o 3 and SiC particles (see Table 1 ) which the correlations cannot detect within the uncertainty of the measurements.
A larger body of experimental data would be required to compute a trustworthy ex.ponent for the parameter sp;s 5 . Thus, the correlations provided are recommended for systems with particles in sus pens ion of similar hardness to those used in the present study.
Inspection of the empirical regression coefficients indicates a quadratic dependence of wear on velocity as was previously noted. A cubic dependence on particle concentration also demonstrates the relatively large importance of this effect. For the conditions of the JIT experiment the rate of wear is seen to be inversely proportional to particle density.
This contrasts sharply with the slurry pot study results [l] whene a direct proportionality was found. It must be concluded that the fluid mechanic characteristics peculiar to each system play leading roles in determing the manner and rate by which the wear processes occur and hence the form of the correlations.
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ERROR ANALYSIS
Many factors affect the precision of the experimental results. However, due to the nature and complexity of the experiment and the number of the variables involved, none of the experiments was performed more than once.
Hence, the standard procedure of taking the standard deviation of several replicate measurements was not possible. Nevertheless, an error analysis was performed.
Rearranging the empiri considered, yields:
P cP correlation with only the terms --
In the above equation A 1 contains all terms which did not contribute significantly to the error. Thus, the major sources of error arose from the measurements of Cp and Vp with the latter approximated as the jet velocity.
From equation (4) it is readily shown that where e denotes relative error of the bracketed term.
Estimates of e[Cp] and e[Vp] derived from the experimental conditions were ± 0.017 and ± 0.060 respectively. Substitution of these values into equation (5) together with values of the exponents from Table 3 , SiC-water slurries showed a similar dependence on particle velocity.
3. The erosion rate of the alloys in A1 2 o 3 , SiC-water slurries was two orders of magnitude higher than that in the coal-kerosene slurries.
4. Erosion of copper, aluminum and steel varied directly with the hardness of the target metal.
5.
A rippled pattern occurred on the erosion surface of specimens tested at all impingement angles up to 90 degrees. The absence of the mogul pattern (hills and valleys) which occurs in gas-solid particle eresion at steep angles of jet incidence strongly suggest that a different erosion mechanism may be involved in liquid-solid erosion processes.
6. The erosion rate of 6061-T6 aluminum alloy increased with impingement angle to a maximum at 90 degrees. This behavior is markedly different from ductile metal erosion in gas~solid particle flow where .the arosion rate peaks at an impingement angle of about 20 degrees, further indicating that.the erosion mechanism is probably different.
7. The erosion rate of aluminum alloy by Al 2 o 3~ SiC-water slurries also peaks at a 90 degrees impingement angle, but shows a minimum in the rate-angle curve at about 60 degrees which is not observed in gassolid particle erosion.
8. The erosion rate of 6061-T6 aluminum increases with coal concentration until about 30 wt% at which point the curve flattens out. This suggests that for typical coal liquefaction system concentrations (30-50 wt%)
further increases in particle concentration will not significantly increase erosion.
9. The total average absolute value of the predictive error of the empirical fit was found to be 5.84% while that for the semi-theoretical fits was 
4.
Effect of material variation on erosion by coal slurry.
5.
Effect of material variation on erosion by Al 2 o 3 , SiC slurries.
6.
Photographs showing samples at different angles after being eroded by 20% A1 2 o 3 at 70 ft/sec.
7.
Effect of angle on erosion by coal slurry.
8.
Effect of angle and composition on erosion by A1 2 o 3 , SiC slurries at low velocity.
9.
Effect of angle and composition on erosion by A1 2 o 3 , SiC slurries at high velocity.
10.
Effect of particle concentration on erosion by coal slurry.
11.
Effect of particle concentration on erosion by Al 2 o 3 slurry.
12. Relative comparison of predicted and measured erosive wear: o empirical fit: o semi-theoretical fit. Data corresponds to a = 90 degrees, and the use of equations (2) and (3) with constants taken from Table 5 . 
